Résumé. 2014 On présente l'étude de la structure électronique des verres 33 ) Abstract. 2014 The study of the electronic structure of GexSe1-x glasses (x ~ 0.33 ) is presented using the tight-binding approximation with a self-consistent Hartree model. The results indicate that the leading term in cohesive energy, when the possible structures of a glass with a given composition are compared, is due to the transfer of electronic charges from Ge atoms to Se atoms. Excluding Ge-Ge bonds from Raman scattering measurements, the calculation of the cohesive energy versus medium-range order confirms the tendency of Ge atoms to diffuse into the selenium matrix so preventing, as long as the germanium concentration makes this possible, the formation of Ge-Se-Ge sequences. For example GeSe4 glasses (x = 0.2) are mainly built from Ge-Se-Se-Ge sequences i.e., from GeSe4 tetrahedra. Edge-sharing GeSe4/2 tetrahedra are shown to enhance cohesive energy in glassy GeSe2 ; on the contrary edge-sharing GeSe4 tetrahedra do not maximise cohesive energy in glassy GeSe4.
calcul de l'énergie de cohésion en fonction de l'ordre à moyenne distance confirme la tendance des atomes de germanium à diffuser dans la matrice de sélénium. Cette tendance empêche la formation de séquences Ge-Se-Ge aussi longtemps que la concentration en germanium le permet. Par exemple les verres GeSe4 (x = 0,2) sont constitués principalement de séquences Ge-Se-SeGe, donc de tétraèdres GeSe4. Les tétraèdres GeSe4/2 qui partagent une arête augmentent l'énergie de cohésion du verre GeSe2 ; au contraire les tétraèdres GeSe4 qui partagent une arête ne maximisent pas l'énergie de cohésion du verre GeSe4.
Abstract. 2014 The study of the electronic structure of GexSe1-x glasses (x ~ 0.33 ) is presented using the tight-binding approximation with a self-consistent Hartree model. The results indicate that the leading term in cohesive energy, when the possible structures of a glass with a given composition are compared, is due to the transfer of electronic charges from Ge atoms to Se atoms. Excluding Ge-Ge bonds from Raman scattering measurements, the calculation of the cohesive energy versus medium-range order confirms the tendency of Ge atoms to diffuse into the selenium matrix so preventing, as long as the germanium concentration makes this possible, the formation of Ge-Se-Ge sequences. For example GeSe4 glasses (x = 0.2) are mainly built from Ge-Se-Se-Ge sequences i.e., from GeSe4 tetrahedra. Edge-sharing GeSe4/2 tetrahedra are shown to enhance cohesive energy in glassy GeSe2 ; on the contrary edge-sharing GeSe4 tetrahedra do not maximise cohesive energy in glassy GeSe4. 1. Introduction.
The structure of GexSel _ x glasses (x = 0.33 ) has,,been extensively studied by Raman spectroscopy [1, 2] . Even if the assignment of the Raman peaks is still considered controversial, it is generally admitted that the coordination numbers of Ge and Se atoms are equal to 4 and 2 respectively and that Ge-Ge bonds are forbidden ; in addition, Ge atoms Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphys:01990005107067500 exhibit a tendency to diffuse into the selenium matrix. This last result is deduced directly in reference [1] from the assignment of the 215 cm-1 Raman peak to Ge-Se-Ge sequences ; it is also consistent with the measurements reported in reference [2] in which this peak, called the companion peak, is assigned to edge-sharing GeSe4~2 tetrahedra for the peak appears only when x r 0.15 and remains weak when x 0.25. GeSe2 glasses are therefore built from GeSe4~2 tetrahedra and GeSe4 glasses mainly from GeSe4 tetrahedra. This model of mediumrange order is consistent with reported measurements of the optical absorption edge [1] . The existence of edge-sharing GeSe4~2 tetrahedra which has been recently proposed for the glasses [2] stresses the close relationship existing between the structures of crystalline GeSe2, in which such tetrahedra were formerly found [3] , and those of glasses with neighboring compositions. [4] [5] [6] [7] . Figure 1 reproduces a phase diagram compiled from the different authors. kTj is between 42 meV (x = 0.08 ) and 87 meV (x = 0.33 ). 61 is therefore very small when compared with kT~ ; consequently where our above result alone is taken into account it would support a completely random model to connect GeSe4~2 tetrahedra with Se atoms for x ~ 0.33.
Vibrational energy and entropy.
Three peaks appear in the Raman spectra of the glasses at 195 cm-1, 215 cm-1 and 250 cm-1. We have assigned these peaks respectively to the Se-Ge-Se sequences, the Ge-SeGe sequences and the Se atoms which are not bound to two Ge atoms [1] . Introducing one or more Se atoms into a Ge-Se-Ge sequence changes a 3d 215 cm-1 oscillator into a 3d 250 cm-1 oscillator (in the Einstein model, which is used presently, atoms are assumed to vibrate independently). The mean energy of a harmonic oscillator with characteristic frequency w is, at temperature T The liquidus temperature of glasses with x * 0.33 is between 491 K and 1 013 K (Fig. 1) . Changing a 3d 215 cm-1 oscillator into a 3d 250 cm-1 oscillator decreases the cohesive energy of the glass by ~ 2 which is always less than 1 meV. Even if very low energy Raman peaks were present in the spectra the induced change in 82 would be negligible. It can therefore be concluded that both delocalization of valence electrons and vibrations of the solid promote, to a small extent, phase segregation into pure selenium and pure GeSe2 : (5), 578 °C (6), 573 °C (7) ; c) 630 °C (5), 603 °C (7) ; d) 627 °C (7) ; e) 660 °C (6) , 651 °C (7) ; f) 666 °C (6) , 661 °C (7) ; g) 740 °C (5, 6, 7) ; h) 900 °C (6) , 890 °C (7) ; x) at. % Ge = 8 (4) ; y) at. % Ge = 38 (5), 40-42 (6), 43 (7) ; z) at. % Ge = 88-89 (6), 86 (7) ; (4) The GeSe4/2 tetrahedra are then randomly connected with the remaining Se atoms [1] . If the intensity of the 215 cm-1 peak is assumed to be proportional to the number of Ge-Se-Ge sequences, then this intensity varies as x2ll -x (Fig. 2, curve a) . It can be easily shown that ~ is small and approximately equal to -0.4. As a result, if 5 is positive and large compared with kTe then n = 0 and a phase segregation takes place into pure selenium and pure GeSe2 (Fig. 2, curve b) . On the other hand, if 5 is negative and large compared with kTe, then there are no Ge-Se-Ge sequences when x _ 0.2 and there is a linear dependence of the intensity of the 215 cm-1 Raman peak versus x when 0.2 x _ 0.33 (Fig. 2, curve c) . The experimental points [1] are located close to the c curve (Fig. 2) . A value of 5 can therefore be deduced. From the data at x = 0.20 it can be seen that, at point pl, the number of Ge-Se-Ge sequences is maximal and therefore also the 215 cm-1 Raman peak intensity, which is assumed to be proportional to the number of above sequences. The difference in the intensity of the peak, when compared to point pl, is proportional to n. no corresponding to point P2 (Fig. 2, curve d [13] , selenium [14] and GeSe2 [3] are all approximately equal to 0.24 nm. It can therefore be assumed that Ge and Se atoms occupy the same volume in the glasses and that all the bond lengths are equal to 0.24 nm. It will also be assumed that all bond angles are equal to that existing in a regular tetrahedron (approximatively 109° 28' ; this value is very close to that existing in a regular pentagon, i.e.,108°) ; actually, in crystalline selenium [13] and crystalline GeSe2 [3] , the values of bond angles are spread about both sides of the former value. Nevertheless the approximation proposed above appear to be consistent with the accuracy of the tight-binding approximation. The For regular GeSe4 interactions between first nearest neighbors tetrahedra depend strongly on the spatial configuration of the Ge-Se-Se-Ge sequence. The Madelung energy has been calculated for three configurations I, II and III, of the Ge-Se-Se-Ge sequence (Fig. 4) . Recently Sugai proposed the existence of edge-sharing GeSe4/Z in the glasses [2] . Such tetrahedra do exist in crystalline GeSe2 [3] (the ratio of the number of Se atoms on edgesharing double bonds to those on the corner-sharing single bonds being 1/3). To check the effect of edge-sharing tetrahedra in our model the Madelung energy has been calculated for glassy GeSe2 without edge-sharing GeSe4/2 tetrahedra (which will be called corner-sharing GeSe2) and for glassy GeSe2 in which each GeSe4,2 tetrahedron shares one edge with one other GeSe4/2 tetrahedron (edge-sharing GeSe2) (Figs. 5a and b) . Using equivalent definitions for regular glassy GeSe4, it can be noticed that configurations I, II and III belong to corner-sharing regular GeSe4 (Fig. 5c) . We have also calculated the Madelung energy for Fig. 5. -Lattices of (a) corner-sharing GeSe2 ; (b) edge-sharing GeSe2 ; (c) corner-sharing regular GeSe4 ; (d) edge-sharing regular GeSe4-edge-sharing regular GeSe4 (Fig. 5d) , by assuming that the two nearest neighbor tetrahedra which share one corner are in configuration I. The results are listed in table II. Edge-sharing tetrahedra increase the Madelung energy as compared to corner-sharing tetrahedra in GeSe2-In regular GeSe4 the Madelung energy decreases rapidly when one goes from configuration I to configurations II and III. Edge-sharing GeSe4 tetrahedra decrease the Madelung energy in configuration I but slow the decrease when one goes to configurations II and III.
ELECTRON-ELECTRON INTERACTION ENERGY WITHIN EACH
ATOM. -Let J be the interaction energy of a pair of electrons in the fourth shell. J is assumed to be independent of the number of electrons existing in the shell. If q is the mean number of electrons in the shell and -e the charge of the electron, the intra-atomic interaction potential is Vi = -(q -1 ) J/e. J is approximately the difference between the second and first ionization energies or the difference between the first ionization energy and the electronic affinity. The two values are not exactly equal. To obtain the best approximation the first value was chosen for Ge atoms (which bear a positive charge) and the second for Se atoms : JG = 8.5 eV and Js = 8.8 eV [8, 15, 16] .
From the above assumption a relationship between S and E can be drawn immediately :
(VM being the Madelung's potential). Combining these relationships with those previously obtained in 4.1 provides a selfconsistent determination of Sand £ (Fig. 6) (Fig. 7, curve a) . The chains should therefore present an extended structure, two consecutive Ge atoms being located as far as possible from each other (Fig. 4) . If a certain proportion of edge-sharing GeSe4,2 tetrahedra in GeSe2 glasses is considered to be possible, the 225 meV value of Z is obtained for a configuration between I and III. The chains then present a more or less folded structure.
The maximal possible proportion of edge-sharing GeSe4,2 tetrahedra corresponds to the lattice of edge-sharing GeSe2 glass : each GeSe4,Z tetrahedron shares one edge with one other GeSe4/2 tetrahedron (Fig. 5b) . The 225 meV value of Z is then obtained for Fig. 7. -Variations of Z with Ge-Se-Se-Ge sequences configuration in regular GeSe4 glasses : a) edgesharing GeSe4/2 tetrahedra are not taken into account ; b) the lattice of GeSe2 glasses is assumed to be that of edge-sharing GeSe2 ; c) the lattice of GeSe2 glasses is assumed to be that proposed by Sugai (3).
configuration I approximately (Fig. 7, curve b) . The chains should present a very folded structure (configuration I, Fig. 4 ), but without edge-sharing GeSe4 tetrahedra which would decrease the cohesive energy of the glasses.
In crystalline GeSe2 there are equal amounts of edge-sharing and corner-sharing GeSe4,2 tetrahedra [3] . Sugai proposed a very close proportion in GeSe2 glasses [2] . The main feature provided by our calculations is that Ge-Se-Se-Ge sequences may induce a larger cohesive energy than Ge-Se-Ge sequences. The physical origin of this result can be understood by noticing that E may be larger in regular GeSe4 than in GeSe2 (Tab. II) : the reason is that, for equal values of e, the decrease of electron-electron interaction energy within Ge atoms is the same in both sequences but the increase of electron-electron energy is only (13 6 + ~~ JS within two Se atoms each having a charge -E (Ge-Se-Se-Ge sequence) (Fig. 3b) . This is less than (13 e + 2 sb Js within one Se atom having a charge -2 E (Ge-SeGe sequence) (Fig. 3a) . 7 . Conclusion.
The calculation of the cohesive energy of GexSel -x glasses allows us to explain two important features concerning the medium-range order of these glasses : the tendency of Ge atoms to diffuse into selenium matrix and the existence of edge-sharing GeSe4,2 tetrahedra. We needed, to find a suitable description of the electronic effects, to take into account the transfer of electronic charges from Ge atoms to Se atoms. Such a model would probably also be useful in the study of the structure of other chalcogenide glasses and especially of the GexSl _ x glasses. These glasses have much in common with the GexSel _ x glasses, as do the germanium sulphide crystals with the germanium selenide crystals. Nevertheless, a difference does arise because of the difference in the sizes and the masses of the selenium and sulfur atoms and consequently of the germanium and sulfur atoms. It is probably these size and mass difference which increase the difficulty of preparing homogeneous GexS1 _ x glasses over a wide range of x values.
